ABSTRACT X-ray photons, because of their long mean-free paths, can easily escape the galactic environments where they are produced, and interact at long distances with the inter-galactic medium, potentially having a significant contribution to the heating and reionization of the early Universe. The two most important sources of X-ray photons in the Universe are active galactic nuclei (AGN) and X-ray binaries (XRBs). In this Letter we use results from detailed, large scale population synthesis simulations to study the energy feedback of XRBs, from the first galaxies (z ∼ 20) until today. We estimate that X-ray emission from XRBs dominates over AGN at z 6 − 8. The shape of the spectral energy distribution of the emission from XRBs shows little change with redshift, in contrast to its normalization which evolves by ∼ 4 orders of magnitude, primarily due to the evolution of the cosmic star-formation rate. However, the metallicity and the mean stellar age of a given XRB population affect significantly its X-ray output. Specifically, the X-ray luminosity from high-mass XRBs per unit of star-formation rate varies an order of magnitude going from solar metallicity to less than 10% solar, and the X-ray luminosity from low-mass XRBs per unit of stellar mass peaks at an age of ∼ 300 Myr and then decreases gradually at later times, showing little variation for mean stellar ages 3 Gyr. Finally, we provide analytical and tabulated prescriptions for the energy output of XRBs, that can be directly incorporated in cosmological simulations.
1. INTRODUCTION An important cosmic milestone is the appearance of the first luminous objects, which ends the era of the cosmic dark ages and begins the era of heating and reionization of the intergalactic medium (IGM). The energy and momentum output from stars is believed to be a major feedback mechanism, along with the feedback from active galactic nuclei (AGN) , that regulate galaxy formation and the reionization epoch (e.g. Springel et al. 2005; Sales et al. 2010; Hopkins et al. 2011; Dib 2011; Faucher-Giguère et al. 2013) . To date, the vast majority of cosmological simulation studies consider only the feedback from massive O stars and AGN via their ionizing ultra-violet (UV) radiation and deposition of mechanical energy and momentum in the vicinities of star-forming regions and accreting supermassive black holes (BH; e.g., McQuinn et al. 2007a; Stinson et al. 2013; Sobacchi & Mesinger 2013) .
UV photons are easily absorbed by neutral hydrogen, and they are efficient in ionizing it. Since the energy output of massive stars and AGN peaks at UV wavelengths the radiation from the first galaxies is expected to eventually ionize the neighboring IGM. The Swiss-cheese paradigm, in which the neutral background gas is spotted with spheri-cal regions of hot and ionized gas by starburst galaxies and quasars (e.g. McQuinn et al. 2007b) , is widely accepted (e.g., Loeb & Barkana 2001) .
On the contrary, the more energetic X-ray photons, because of their long mean-free paths, can escape the galactic environments where they are produced, and interact at Mpc scales with the IGM. This could potentially result in a smoother spatial distribution of ionized regions (e.g. Ostriker & Gnedin 1996; Pritchard & Furlanetto 2007) , and perhaps more importantly, in an overall warmer IGM (e.g., Mirabel et al. 2011; Haiman 2011 ). The two most important sources of X-ray photons in the Universe are AGN and X-ray binaries (XRBs). Current constraints show that AGN provide at least an orderof-magnitude higher X-ray luminosity per unit volume over XRBs from z ≈ 0-3 (e.g. Basu-Zych et al. 2013a ). These constraints indicate that the X-ray luminosity per unit volume for XRBs begins to "catch up" to that of AGN going to the highest measurable redshifts (e.g., z ≈ 3-4). Therefore, it is plausible that at even higher redshifts (z > ∼ 4-5), the X-ray emission from XRBs becomes important or even dominant.
The possible feedback processes from XRBs at high redshifts (z 6) has been the topic of several papers in the last few years. Mirabel et al. (2011) considered primordial population-III binaries (z ≥ 6), and proposed that besides the ultraviolet radiation from massive stars, feedback from accreting BHs in high-mass XRBs (HMXBs) was an additional, important source of heating and re-ionization of the IGM. Justham & Schawinski (2012) studied how XRBs inject energy in their local environments before luminous supernovae contribute significantly to feedback. They argue that XRBs can also assist in keeping gas hot long after the last corecollapse SN has exploded. Power et al. (2012) explored the ionizing power of HMXBs at high redshifts using simple Monte Carlo modeling for their formation and the Galactic HMXB Cygnus X-1 as a spectral template for their emission in X-rays.
In this Letter, we go for the first time beyond the order of magnitude calculations or simple rate models for the evolution of XRBs on cosmological timescales. We use results from a detailed large scale population synthesis simulation of the evolution of XRBs across cosmic time , which has been calibrated to all available observations of XRB populations in the local and low redshift Universe (z 4), to study the energy output of XRBs at high redshift (z 6 − 8). We compare our model with the X-ray emission of AGN at the same redshifts and derive prescriptions for the feedback of XRBs that can be incorporated in future cosmological simulations.
X-RAY BINARY POPULATION SYNTHESIS MODELS
Using the StarTrack population synthesis code (Belczynski et al. 2002 , Fragos et al. (2013) performed a large scale population synthesis study that models the X-ray binary populations from the first galaxies of the Universe until today. They used as input to their modeling the Millennium II Cosmological Simulation (Boylan-Kolchin et al. 2009 ) and the updated semi-analytic galaxy catalog by Guo et al. (2011) to self-consistently account for the star-formation history (SFH) and metallicity evolution of the Universe. Their models, which were constrained by the observed X-ray properties of local galaxies (Tzanavaris & Georgantopoulos 2008; Lehmer et al. 2010; Boroson et al. 2011; Mineo et al. 2012a) , gave predictions about the global scaling of emission from X-ray binary populations with properties such as SFR and stellar mass, and the evolution of these relations with redshift. Although these models were only constrained to observations of the local Universe, they have been shown to be in excellent agreement with X-ray observations of high redshift normal galaxies (Mineo et al. 2012b; Tremmel et al. 2013; Basu-Zych et al. 2013a,b) .
In this work, we adopt the six highest likelihood models by Fragos et al. (2013) which were also the six models which satisfy within one standard deviation all the observational constraints simultaneously (see discussion in Section 4.2 of Fragos et al. 2013) . Instead of just choosing the maximum likelihood model, we assume that the differences among these six models represent in some sense the uncertainty in the model's predictions with regard to the redshift evolution of global scaling relations of emission from XRB populations.
We should not here that the population synthesis models we use assume an initial mass function that does not evolve with redshift. However, there are theoretical arguments and indirect observational evidence suggest that the stellar IMF may evolve with time, becoming flatter at higher redshift (e.g. van Dokkum 2008). Fragos et al. (2013) showed that a flatter initial mass function results to more luminous XRB populations. Furthermore, our models are applicable to stellar population with metallicities down to Z = 10 −4 , and do not take into account the first generation of metal-free POP-III star, which can potentially have significantly different evolution compared to enriched populations.
The emission of X-ray photons in the local Universe is dominated by AGN, whose X-ray flux is approximately an order of magnitude stronger than that coming from XRB populations of normal galaxies. This picture is gradually changing as we move to higher redshifts, with the X-ray luminosity density coming from normal galaxies increasing faster than than from AGN. The left panel of Figure 1 shows the redshift evolution of the X-ray luminosity density (X-ray luminosity per unit co-moving volume L X /V ) coming from XRBs, as predicted by the models of Fragos et al. (2013) . On the same figure, several models and observational estimates for the X-ray luminosity density of AGN, as a function of redshift, are shown (Croton et al. 2006; Hopkins et al. 2007; Silverman et al. 2008; Aird et al. 2010) . It is evident that at z 6 − 8, XRBs dominate the X-ray luminosity density, since the massive BHs at the centers of galaxies did not have enough time yet to grow and outshine the XRBs.
For comparison, we also show the contribution from XRBs that one would get if the locally measured value of the X-ray luminosity from HMXBs per unit of SFR (L X /SFR; Mineo et al. 2012a ) is convolved with the SFH of the Universe. The adopted SFH comes from the Millenium II simulation (Boylan-Kolchin et al. 2009; Guo et al. 2011) . We see that the contribution of XRBs is underestimated both at low and at high redshift. At low redshift, the contribution from low-mass XRBs (LMXB) is neglected as the measurement by Mineo et al. (2012a) was focused on the HMXB emission of starburst galaxies. We should remind here that in the local Universe it is the LMXBs that are dominating the XRB luminosity density of the Universe, with HMXBs starting to dominate only at z 2.5 . At high redshift, a simple convolution of the locally measured L X /SFR with the SFH neglects the effects of metallicity evolution on the stellar population. As we will show below, the X-ray luminosity from HMXBs per unit SFR varies by approximately an order of magnitude with metallicity.
3.1. Evolution of the spectral energy distribution with redshift Our population synthesis models keep track of the masstransfer rate as a function of time for every modeled XRB. From this mass-transfer rate, the bolometric luminosity is derived based on the prescriptions presented by Fragos et al. (2008 Fragos et al. ( , 2009 , which also account for transient behavior of XRBs. However, there is no spectral information in these models. As described in detail in Section 3 of Fragos et al. (2013) , we use two samples of RXTE observations of Galactic neutron star and BH XRBs at different spectral states (McClintock & Remillard 2006; Wu et al. 2010) , for which the best-fit parameters of simple spectral models are calculated. Using these best fit spectral models, and assuming that the interstellar absorption in high redshift galaxies is similar to that in the Milky Way today, we calculate for each energy band the mean and the variance of the bolometric correction for the high-soft and low-hard states, and BH and NS XRBs separately. Combining these bolometric corrections with our population synthesis models allows us to estimate the spectral energy distribution (SED) of a XRB population. In addition, we estimate the intrinsic XRB SED (without interstellar absorption) by removing the absorption component of the observed spectral models while making the assumption that the power-law component in the high and very high state does not extend to energies below ∼ 1 KeV, and in the low-hard state below ∼ 0.2 KeV (Sobolewska &Życki 2006) . This allows the reader to apply a posteriori a more complicated model for interstellar absorption that can evolve with redshift.
The right panel of Figure 1 shows the SED per unit comoving volume of the global XRB population at four different redshift values. We should note here that this SED cor- The grey shaded area shows the differences between the predictions of the six highest likelihood models by Fragos et al. (2013) for the X-ray emission coming from XRBs. The black solid line corresponds to the mean value, and the dotted dark-grey line to the polynomial fit on the mean (equation 2). The dashed line is derived by convolving the locally measured value of L X /SFR (Mineo et al. 2012a ) with the SFH of the Universe. For comparison the X-ray luminosity density of AGN in the same energy range is plotted, as reported by different AGN models and observations (Croton et al. 2006; Hopkins et al. 2007; Silverman et al. 2008; Aird et al. 2010) . (Right panel) The SED of the global XRB population at four different redshifts is shown. The solid lines correspond to the mean value of the different models and the shaded area denotes the model uncertainties, assuming in both cases that the interstellar absorption is similar to the Milk Way at all redshifts. With dotted lines we show an estimate of the intrinsic (unabsorbed) SED. responds to the radiation that escapes the galaxy where the photons are produced, as the interstellar absorption is already taken into account. These photons that escape the galaxy can then interact with the IGM. We find that the shape of the SED remains approximately constant with redshift, and it is only its normalization that evolves by ∼ 4 orders of magnitude (see left panel of Figure 1 and discussion above). The approximately constant SED shape is due to the fact that at all redshifts it is only the brightest BH XRBs in high states that dominate the integrated spectra. This is something to be expected from the shape of the X-ray luminosity functions of observed XRB populations in nearby galaxies. The shape of the X-ray luminosity functions of both LMXBs and HMXBs can be approximated by single power laws, which have exponents less than 2 ( dN dLX ∝ L −n X , with n < 2; Fabbiano 2006, and references therein). Hence, the integrated luminosity of the whole population is always dominated by the few brightest sources that are usually BH XRBs in the high-soft state. The SED data, both including interstellar absorption and intrinsic, at different redshift values can be found in Table 1 .
Our model of the evolving X-ray luminosity density and mean X-ray SED can be used to estimate the contribution that XRBs in galaxies from z = 0-20 provide to the cosmic X-ray background. We integrated these models following:
Figure 2. X-ray luminosity in the 2 − 10 KeV band of the HMXB population, per unit SFR, as a function of the mean metallicity Z of the newly formed stars (left panel) and X-ray luminosity in the 2 − 10 KeV band of the LMXB population, per unit stellar mass, as a function of the mass-weighted mean stellar age of stellar population. The grey shaded area shows the differences between the predictions of the six highest likelihood models by Fragos et al. (2013) , the solid lines corresponds to the mean value of the different models, and the dotted lines show the polynomial fits on the mean, described in equations (3) and (4).
where ∆Ω = 3.0 × 10 −4 sr deg −2 , ε(z) = Ω m (1 + z) 3 + Ω Λ , ρ X is the X-ray luminosity density from our model (see left panel of Fig. 1 ), and K(z) provides the redshift-dependent Kcorrection to the appropriate observed-frame energy range. The K-corrections are based on the SEDs shown in the right panel of Figure 1 . Applying this integration to the observedframe 0.5-2 keV bandpass, we find that XRB emission from all z = 0-20 galaxies is expected to contribute S 0.5−2 keV ≈ 2.2 × 10 −12 erg cm −2 s −1 deg −2 to the cosmic X-ray background intensity. By comparison, Lehmer et al. (2012) found that X-ray detected normal galaxies in the 4 Ms Chandra Deep Field-South contribute 2.4 × 10 −13 erg cm
to the resolved 0.5-2 keV background, and an additional 2.0 × 10 −12 erg cm −2 s −1 deg −2 of the background remains unresolved. Our model is therefore within the allowed limits of the cosmic X-ray background (also in agreement with constraints derived by Dijkstra et al. 2012 ). Our analysis indicates that XRBs in normal galaxies can account for up to ∼ 98% of the remaining unresolved 0.5-2 keV emission. This estimate is only an upper limit as we did not take into account the absorption of X-ray photons from the IGM. In practice, we expect the contribution of XRBs to the observed cosmic X-ray background to be significantly lower.
Prescriptions for the energy feedback of LMXB and
HMXB populations. Our population synthesis modeling uses as input the SFH and metallicity evolution predicted by the Millennium II simulation. As a consequence, our results depend on the cosmological model and the galaxy formation and evolution prescriptions used by Boylan-Kolchin et al. (2009) and Guo et al. (2011) , respectively. In order to alleviate this caveat, we extracted from our models the dependence of the X-ray luminosity of HMXBs per unit SFR (L X ,HMX Bs /SFR) on the mean metallicity (Z) of the newly formed stars and the dependence of the X-ray luminosity coming from LMXBs per unit of stellar mass (L X ,LMX Bs /M * ) on the mass-weighted mean stellar age (T ) of the population. Figure 2 shows that L X ,HMX Bs /SFR varies by an order of magnitude going from solar metallicity to less than 10% solar. This also indicates that at the era when HMXBs were dominating the X-ray radiation of the Universe L X ,HMX Bs /SFR was approximately an order of magnitude higher than what is measured in the local Universe (at z 8, Z 20%Z ⊙ ). The variation of L X ,LMX Bs /M * with the mean stellar age of the population is even stronger, peaking early on at stellar population ages of ∼ 300 Myr and then gradually decreasing to the values observed in the local Universe. We should note here that the dependence of L X ,LMX Bs /M * with stellar age, for ages above ∼ 3 Gyr, becomes very weak, with an expected variation between ages of ∼ 3 Gyr and ∼ 13 Gyr of only a factor of a few (for related observational evidence see Boroson et al. 2011; Zhang et al. 2012) .
Equations 2-4 are polynomial parameterizations to our model predictions for the evolution of the X-ray luminosity density of all XRBs as a function of redshift, the dependence of the X-ray luminosity coming from HMXBs per unit SFR on the mean metallicity (Z) of the newly formed stars, and the dependence of the X-ray luminosity of LMXBs per unit of stellar mass on the mass-weighted mean stellar age of the population (T ) respectively. These polynomial parameterizations are shown in Figures 1 and 2 as dotted lines.
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The parameters α i (i = 0, 5), β j ( j = 0, 4), and γ k (k = 0, 4) are derived for several widely used energy bands, both before and after taking into account interstellar absorption. The different parameter values are provided in Table 2. 4. DISCUSSION Detailed binary population synthesis simulations are used for the first time in order to study the energy feedback of XRBs to the IGM, from z ∼ 20 until today. Our synthetic XRB models capture accurately all the important physical processes that are involved in the evolution of an XRB population, and have been calibrated to observed XRB population in the local Universe. At the same time these synthetic models are in excellent agreement with X-ray observation of distant normal galaxies up to z ∼ 4, thus providing a robust framework to study the evolution of XRB populations across cosmic time. We find that the energetic X-ray photons emitted from XRBs dominate the X-ray radiation field over AGN at z 6 − 8, and hence XRB feedback can be a non-negligible contributor to the heating and re-ionization of the IGM in the early Universe. The SED shape of the XRB emission does not change significantly with redshift, suggesting that the same XRB subpopulation, namely BH XRBs in the high-soft state, dominates the cumulative emission at all time. On the contrary, the normalization of the SED does evolve with redshift. To zeroth order this evolution is driven by the cosmic SFR evolution. However, the metallicity evolution of the Universe and the mean stellar population age are two important factors that affect the X-ray emission from HMXBs and LMXBs, respectively (see Figure 2) .
The qualitative effects of an arbitrary X-ray radiation field in the formation and evolution of galaxies have already been studied. Hambrick et al. (2009) performed galaxy evolution simulations incorporating an ultraviolet and X-ray background field. They found that the gas properties at late times are significantly affected by the X-ray component resulting in a 30% increase of the warm gas component and a four-fold increase in the hot-dense gas component, while at the same time the formation of stars in small systems is reduced. MonteCarlo realizations of the merger and growth history of BHs show that X-rays from the earliest accreting BHs can provide such a feedback mechanism, on a global scale, finding that the first miniquasars globally warm the intergalactic medium and suppress the formation and growth of subsequent generations of BHs (Tanaka et al. 2012 ). More recently, Mesinger et al. (2013) ran semi-numerical simulations of the dark ages and the epoch of reionization, including both X-rays and ultraviolet radiation fields. They found that X-rays emitted from a XRB population can result in a more extended epoch of reionization and an overall more uniform reionization morphology, with the largest impact of X-rays being to govern the timing and duration of IGM heating.
All of the aforementioned studies consider either an arbitrary X-ray background field or one that is a mere extrapolation of observations from the local Universe. In this letter we provide analytic prescriptions for the energy feedback from XRBs, based on our detailed synthetic models, which can be directly included in cosmological and galaxy formation and evolution simulations. These new prescriptions allow for the first time not only the qualitative but also the quantitative study of the effects of the energy feedback from XRBs in the early Universe.
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